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Phakopsora pachyrhizi is an obligate pathogen that causes Asian soybean rust. Asian soybean

rust has an unusually broad host range and infects by direct penetration through the leaf

cuticle. In order to understand the early events in the infection process, it is important to

identify and characterize proteins in P. pachyrhizi. Germination of the urediniospore is the

first stage in the infection process and represents a critical life stage applicable to studies with

this obligate pathogen. We have applied a 2-DE and MS approach to identify 117 proteins

from the National Center of Biotechnology Information nonredundant protein database and a

custom database of Basidiomycota EST sequences. Proteins with roles in primary metabo-

lism, energy transduction, stress, cellular regulation and signaling were identified in this

study. This data set is accessible at http://world-2dpage.expasy.org/repository/database 5

0018.

Keywords:

2-DE / Fungal Proteins / MALDI-TOF/TOF / Microbiology / Phakopsora Pachyrhizi /

Urediniospores

Phakopsora pachyrhizi is the causal agent of Asian soybean

rust (ASR), a significant foliar disease of soybeans (Glycine
max) and other legume crops that occur in most soybean

growing regions throughout the world, except Europe. The

pathogen has spread rapidly from its origin in Asia to

Southern Africa and South America over the past 5 years,

entering the US in 2004 and raising concern to US soybean

producers [1, 2].

P. pachyrhizi is an obligate pathogen, spread primarily by

the airborne dispersal of urediniospores [3, 4]. The rate of

disease progression is dependent on temperature and

available moisture [5]. P. pachyrhizi has an unusually wide

host range for a rust fungal pathogen [6, 7], and is able to

infect a large variety of plants in the Leguminoseae family.

P. pachyrhizi is unique in that it enters the plant by direct

penetration through the cuticle using enzymatic digestion

and physical force [6, 8]. Most rusts enter through stomata

using physical force, whereas other fungi enter by enzy-

matic digestion of the cell wall [9–12]. Urediniospores are

the only life stage amenable to studies of the genome,

transcriptome and proteome, representing the only deve-

lopmental stage that can be generated in sufficient quan-

tities free of host material. Although 48 567 P. pachyrhizi
ESTs have been sequenced and deposited into GenBank,

little is currently known about the P. pachyrhizi–soybean

interaction at the molecular level.

In order to understand the early events in the infection

process, it is important to identify and characterize

proteins in P. pachyrhizi urediniospores. In this study,

we have focused on urediniospore germination, which

represents a critical stage in the infection process for
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identification of genes involved in early infection and

interaction with host legumes. To address this challenge,

we have applied 2-DE and MS to identify predominantly

soluble proteins present during the germination phase

of ASR. Our analysis has identified a variety of fungal

proteins with demonstrated roles in cell biosynthesis/

energy/metabolism, regulatory/signaling, stress responses

and infection processes.

Urediniospores of P. pachyrhizi isolate Taiwan 72-1 were

used in four independent replicate germination and protein

extraction experiments. Approximately, 300 mg of uredinio-

spores were germinated under sterile conditions for 18 h in

a 23� 28 cm Pyrex dish containing 300 mL of water,

supplemented with 50 mg/mL of ampicillin and 25 mg/mL of

streptomycin. Germinated urediniospores were collected by

filtration through a Buchner funnel with Whatman ]1 filter

paper. All extractions were performed at the USDA biosafety

level 3 Plant Pathogen Containment Greenhouse Facility at

Ft. Detrick, MD, under the appropriate USDA-Animal Plant

and Health Inspection Service permit.

Samples were ground to a fine powder in liquid nitrogen

and suspended on ice in five volumes of extraction buffer

(25 mM Tris, pH 7.0, 5 mM EDTA, 3 mM DTT, 5% glycerol

v/v and 10 mL/mL of protease inhibitor cocktail (Sigma,

St. Louis, MO)). The suspension was mixed thoroughly and

centrifuged for 5 min at 500� g to remove intact spores and

spore wall fragments, followed by centrifugation at

10 000� g for 15 min at 41C. The extracts were then filtered

through a 0.45 mm syringe filter unit in a sterile hood into a

sterile vial and surface decontaminated with 10% bleach

solution for removal from the biosafety level 3 facility.

Samples were dialyzed against a buffer of 10 mM Tris, pH

7.0, 1 mM EDTA and 3 mM DTT for 6 h. Protein quantifi-

cation was performed using the Markwell assay [13], with

BSA as a standard.

Protein samples were precipitated using the 2-D clean up

kit (GE Healthcare, Piscataway, NJ) and 200–400 mg were

resuspended in DeStreak Rehydration buffer (GE Health-

care) containing 1% ampholytes v/v (Invitrogen, Carlsbad,

CA). Solublized proteins were applied to a 13 cm 3–10

nonlinear IPG Dry Gel Strip (GE Healthcare). IEF was

carried out on an Ettan IPGphor system (GE Healthcare) at

201C at 50mAmp/strip for a total of 20 000 Vh. For second

dimension, strips were equilibrated in 50 mM Tris, pH 7.0,

6 M Urea, 30% v/v glycerol, 2% SDS and 10 mg/mL DTT for

10 min, followed by 10 min in equilibration buffer contain-

ing 25 mg/mL iodoacetamide and run on 4–12% BisTris

gels. Gels were stained with Simply Blue Safe Stain (Invi-

trogen) and images documented on an Alpha Innotech

Fluor-Chem 8900. Experiments are described in the MIAPE

document at http://miapegeldb.expasy.org/experiment/51/.

Figure 1 shows a 2-D gel from one representative replicate.

Numbered protein spots depict samples that were identified

in that experiment. Approximately, 120 spots were excised

from each gel, for a total of 480 spots picked from four gels,

each loaded with an extract from a replicated germination

experiment. Selected protein spots were destained, trypsin-

digested and peptides extracted using C18 filter tips.

Peptides were spotted onto a MALDI plate in triplicate

resulting in 1440 samples analyzed.

All spectra were obtained using the Applied Biosystems

4700 Proteomics Analyzer mass spectrometer (Framing-

ham, MA) in the positive reflectron mode with a 200 Hz Nd-

YAG 355 nm laser. Trypsin-digested proteins were subjected

to MALDI-TOF/TOF analysis. Spectra acquired between the

range of 800 and 4000 Da in MS mode were obtained

through the averaging of 1000 spectra, and 2000 spectra in

the MS/MS mode. Up to seven ions were selected using a

signal-to-noise cutoff of 15 for low-intensity peptide signals,

and 30 for high-intensity peptides, excluding all common

trypsin autolysis peaks and common keratin contaminants.

These ions were subjected to PSD or CID with air as the

collision gas at approximately 1� 106 Torr, and a 1 keV

acceleration voltage. Instrument default calibration to a

mass tolerance of 750 ppm was achieved using a minimum

signal-to-noise ratio of 10 for MS calibration with the 4700

Standard Peptide Calibration Mixture (Applied Biosystems),

used for the conversion of time-of-flight to mass (Da) for the

monoisotopic ions, [M1H]1. The MS/MS TOF calibration

was achieved to a m/z 70.3 tolerance from the PSD of Glu1-

fibrinopeptide B fragments using a minimum signal-to-

noise ratio of 10.

All spectra acquired were processed using default cali-

bration or internal standard calibration from two to three

trypsin autolysis peaks typically in each sample after diges-

tion including peaks at 842.51, 2211.10 and 3246.11 Da.

Spectra were subsequently analyzed using the MASCOT [14]

search engine-associated GPS Explorer program (Applied

Biosystems) against a public database and a custom

sequence database of EST sequences in FASTA format.

Peptide mass fingerprints and MS/MS of selected peptides,

Figure 1. 2-DE of P. pachyrhizi urediniospores separated on

13 cm, pH 3–10 nonlinear IPG strip (IEF) followed by 4–12% SDS-

PAGE. Numbered protein spots depict samples that were iden-

tified in this experiment.
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commonly known as the peptide fragmentation fingerprints

(PFF), were combined for database analyses. The analyses

included the variable modifications methionine oxidation,

N-terminal glutamine forming an internal cyclic lactam to

become pyrrolidone carboxylic acid and carbamidomethyla-

tion of cysteine residues from the reduction and alkylation

of proteins with a mass tolerance of 0.5 ppm. All proteins

reported from database searches of putative peptide

sequences are within a 95% confidence interval. The full

data set from these analyses is included in the Supporting

Information.

Databases included the National Center of Biotechnology

Information (NCBI) nonredundant (NCBInr) protein

entries and a subset of the NCBI EST database compiled in

March 2010. The EST subset was obtained by searching

NCBI using the keyword ‘‘Basidiomycota’’ representing

615 150 fungal sequences from genera and species with

established EST projects.

The EST database contains 48 567 P. pachyrhizi entries

with high degree of redundancy. Two decoy databases were

also created by the randomization of each sequence in these

databases to maintain the composition and distribution of

sequence lengths imitating true entries, and searched to

provide a false-positive rate for each database. All databases

were searched using MASCOT version 2.2.06 with GPS

Analysis software version 3.6 (Applied Biosystems).

Ion scores for a PFF are based on a probability-based

molecular weight search score [15], �10�Log (P), where the

probability (P) that the match observed is a random event.

Protein scores are based on the sum of the ion scores for the

selected PFF of the sample. The protein score thresholds for

the NCBI and EST databases respectively, were 83 and 78,

where a match score greater than these thresholds is

considered significant within a 0.05 probability. Ion scores

with an E-value of 0.02 with the database are considered to

indicate extensive similarity or identity with the database

entry. Databases were validated by reanalyzing all samples

using a decoy database composed of randomized entries of

the corresponding original database. Of the 1495 samples

analyzed, the randomized NCBI showed false-positive

matching scores for 15 samples, and the randomized EST

database had no positive matches.

Combined MS and MSMS analyses resulted in 393

putative identities within the established threshold limits

(Supporting Information Table S1). Of these, 127 are iden-

tified in the NCBInr database and 266 in the EST database.

Putative peptide sequences for each protein are listed in

Supporting Information Table S1. For this study, we iden-

tified 117 different protein spots with the highest scoring

sequence matches and greatest peptide coverage. Putative

proteins identified in the EST database are summarized in

Tables 1 and 2. Of the 117 ESTs, 101 (86%) are P. pachyrhizi,
13 (11%) related rust species, 2 (2%) Postia placenta and 1

(1%) Laccaria bicolor. Table 2 summarizes a subset of 33

entries identified by a single peptide. GenBank EST

submissions are not annotated and contain short single-pass

sequences; therefore, the possibility of identifying an EST

with a single peptide is increased on any one analysis.

Coupled with the fact that no false positives occurred in the

EST decoy database, and 28 (85%) of the identities are to

P. pachyrhizi, we feel that these data are biologically relevant

to the study. A total of 33 different protein spots are iden-

tified in the NCBI database search (Supporting Information

Table S2). All NCBI proteins were confirmed in the EST

data set as well; those identified represent a group of well-

characterized, highly conserved proteins routinely found in

other proteomic studies of fungal (31) and plant (2) species.

Putative protein identities were assigned to ESTs in

Tables 1 and 2 based on the BLAST searches against the

NCBInr protein database, using ORFs matching the

peptides for each accession. Proteins were categorized using

Uni-Prot Protein Knowledge Database [16], and placed into

eight functional categories using the Munich Information

Center for Protein Sequences (http://mips.gsf.de/) classifi-

cation system. The eight functional categories were deter-

mined to be a percentage of the total number of proteins for

each grouping; the proteins with multiple functions were

given secondary classification. Figure 2 shows the primary

and secondary functional categories of 117 proteins in

Tables 1 and 2. As expected, the category encompassing the

highest percentage of isolated proteins was cell biosyn-

thesis/energy/metabolism with 40 proteins (34%). Numer-

ous proteins involved in energy production were linked to

glycolysis and the citric acid cycle: aldehyde reductase,

enolase, phosphoglycerate kinase, phosphoenolpyruvate

kinase, glyceraldehyde-3-phosphate dehydrogenase, triose

phosphate isomerase, L-malate dehydrogenase, citrate

synthase and phosphoglycerate mutase. Primary metabo-

lism proteins for the pentose phosphate pathway were also

prevalent: transaldolase, phosphoenolpyruvate carboxy-

kinase, aspartate aminotransferase, phosphoglucomutase

and transketolase. Additional proteins with primary and

secondary cell biosynthetic functions were identified and

could be attributed to glycosylation, ATP transport, amino

acid synthesis, electron transport, nitrogen assimilation and

fatty acid metabolism.

Stress–response proteins accounted for 19 proteins (16%)

within the functional categories. Nine were directly related

to the large family of chaperone and HSPs. HSPs play an

important role in monitoring and recycling the cell’s

proteins during rapid cell division and breaking cell

dormancy [17]. Three well-characterized enzymes (catalase,

peroxidase and manganese superoxide dismutase) are

represented. These enzymes are responsible for removal of

the oxygen-free radicals and hydrogen peroxide that rapidly

accumulate during spore germination. Twenty-one proteins

(18%) were directly related to translation and protein

synthesis, including arginyl-tRNA synthetase, initiation

factor 4A and several elongation factors. A group of related

proteins involved in protein degradation and turnover

were also identified: ubiquitin-activating enzyme E1 and

ubiquitin-conjugating enzyme E2, proteasome regulatory

Proteomics 2010, 10, 3549–3557 3551
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particle and 20S proteasome subunit. The E1 and E2

enzymes are responsible for the first steps in the ubiquiti-

nation of proteins targeted for degradation in the protea-

some [18]. Ten proteins (9%) were defined as unknowns, of

which nine matched P. pachyrhizi EST ORFs. Two of these

unknowns were the most highly abundant protein spots

picked from 2-D gels (spots 12 and 13). Highly abundant

proteins from other categories included: regulatory/signal-

ing – 14-3-3 [19] and calmodulin [20]; transport – ATP

synthase b and GTP-binding protein and structural – actin.

As summarized in Tables 1 and 2, the subcellular localiza-

tion has been noted for proteins having a putative function.

Subcellular localization was assigned based on the database

searches. Given the nature of sample preparation and

enrichment for soluble fraction, the majority of the proteins

(64%) were localized to the cytoplasm. Proteins were also

localized to the mitochondria, nucleus, endoplasmic reticulum,

membranes, peroxisome and Golgi apparatus.

Few studies have applied a proteomic approach to iden-

tify and characterize proteins in an obligate fungal pathogen

[21–23]. To our knowledge, this is the first to use a 2-DE

approach to identify proteins from germinating rust fungal

urediniospores. Our results corroborate a recent study by

Cooper et al. [22], applying a shotgun approach to identify

proteins in ungerminated bean rust (Uromyces appendicula-
tus) urediniospores, with 35 identified proteins in common

between the two studies (denoted by superscript a) in Tables

1 and 2). Our data set also includes eleven specific proteins

in common with those found by Rampitsch et al. [23],

(denoted by superscript c) in Tables 1 and 2), in a 2-DE study

of wheat leaves inoculated with Puccinia triticina (wheat leaf

rust). Five specific proteins were found to be common to all

three studies (denoted by superscript b) in Tables 1 and 2).

Our study provides a baseline protein inventory for

P. pachyrhizi, representing the subset of fully soluble

proteins present at the time of maximum germling expan-

sion 18 h post-germination. The data set has been deposited

into the World-2DPAGE database (accession no. 0018). The

addition of sequence information from ongoing fungalT
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Figure 2. Distribution of identified proteins by functional

categories.
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proteome, genome and EST projects will increase the quality

and efficiency of future proteomic studies on rusts and other

fungal species. Knowledge of the ASR proteome will be

useful for annotating the ASR genomic sequencing project

that is currently underway as a joint project between the

USDA-ARS, Department of Energy and Department of

Homeland Security.
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